The effects of temperature and growth rate on the fatty acid composition of the extractable lipids of four mesophilic and three psychrotrophic bacteria were examined. Two of the mesophiles (Escherichia coli and Pseudomonas aeruginosa) increased the proportion of unsaturated fatty acids in their lipids with decreasing temperature over their whole growth temperature range. The other mesophiles (Enterobacter aerogenes and Lactobacillus casei) increased the proportion of unsaturated fatty acids with decreasing temperature only over the lower half of their growth temperature ranges. The psychrotrophs Pseudomonas jluorescens and Enterobacter sp. had a constant proportion of unsaturated acids over the lower half of their growth temperature range, while the psychrotrophic Lactobacillus sp. showed no consistent change in its unsaturated fatty acid composition with temperature. All species showed some variation of unsaturated fatty acid composition with growth rate at the highest and lowest growth temperatures, although such variations were small in some species (Ent. aerogenes and Lactobacillus sp.).
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I N T R O D U C T I O N
The proportion of unsaturated fatty acids in bacterial lipids frequently increases with decreasing growth temperature (Farrell & Rose, 1967; Cronan & Vagelos, 1972) . Because the freezing temperature of membrane lipids decreases as the proportion of unsaturated acyl groups increases, it has been suggested that the fatty acid composition varies continuously over the growth temperature range and is precisely controlled at any particular temperature (Sinensky, 1971 ; Cullen, Phillips & Shipley, 1971) . Further, evidence has been presented which indicates that Escherichia coli maintains a constant membrane viscosity despite the growth temperature (Sinensky, I 974). However, lipid composition can alter with variations in other growth conditions (Drucker & Veazey, 1977) and such changes have no obvious physiological function. The fatty acid composition of the membrane phospholipids can also vary within wide limits without apparent effect on cell processes (Cronan & Gelmann, 1975) .
Variation of fatty acid composition in the psychrotroph Pseudomonas fluorescens is not continuous over the range of growth temperatures, as little variation with either temperature or growth rate was observed at the lower end of the growth temperature range (Gill, 1975) .
This suggests that P. jluorescens tends to maintain an approximately constant fatty acid composition and that increased saturation of the lipids at higher growth temperatures is due to a reduced ability of the controlling mechanism to compensate for the effects of alteration of the environment. The work reported in this paper was undertaken to determine whether the pattern of fatty acid variation observed in P. jluorescens occurs in other psychrotrophic bacteria and whether the pattern of variation differs in related mesophilic species.
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On: Sat, 12 Jan 2019 10:25:32 Growth conditions. All the bacteria except the lactobacilli were grown in continuous culture on a salts/ glucose medium under nitrogen limitation (Gill, 1975) . The lactobacilli were also grown in continuous culture with excess glucose, L. casei on the medium of Evans & Niven (1951) and the psychrotrophicLactobacillus sp. on the same medium modified by omission of citrate and Tween 80. The growth limiting factor(s) was not cleternlined for the lactobacilli.
Psychrotrophs were grown at 30, 15 and 5 "C; mesophiles were grown at 40, 25 and 15 "C, with the exception of L. casei which was grown at 38, 23 and 13 "C because growth was poor at 40 "C. All bacteria were grown at their maximum growth rates at all temperatures, and also at about 10 of their maximum growth rates at the highest and lowest temperatures. The pseudomonads were also grown at 20 % of their maximum growth rates at their respective lowest temperatures.
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Methods,fur extraction and uiialysis of lipids were as previously reported (Gill, 1975) .
R E S U L T S
The fatty acid compositions of the bacteria are shown in Table I . A11 species contained cyclopropane fatty acids. The physical characteristics of lipids containing cyclopropane fatty acyl groups are similar to those of lipids containing an equal proportion of the monounsaturated acyl residues from which the cyclopropane acyl groups are derived (Van Deenen, 1965) , so the proportions of cyclopropane fatty acids and the parent monounsaturated acids are not reported separately. Generally, the proportion of cyclopropane acids decreased with increasing growth rate and with decreasing temperature.
Four patterns of variation of the proportions of unsaturated acids with temperature are apparent (Fig. I) . Two of the mesophiles, E. coli and P. aeruginosa, showed a comparatively large increase in the proportion of unsaturated fatty acids with decreasing temperature over the whole growth temperature range. The other two mesophiles, Ent, aerogenes and L. casei, showed no significant variation of the proportion of unsaturated acids in the upper half of the growth temperature range and the total variation was only half that observed in E. coli. Two of the psychrotrophs? P. fluorescens and the Enterobacter sp., showed no significant variation of the fatty acid composition in the lower half of the growth temperature range, while in the Lactobacillus sp., after an initial increase in unsaturated fatty acids with decreasing temperature, the proportion of unsaturated fatty acids fell and was lower at 5 than at 30 "C.
Four patterns of variation of the proportions of unsaturated fatty acids with growth rate can be discerned (Fig. 2) . Four species, E. coli, Ent. aerogenes and the pseudomonads, had lower unsaturated fatty acid compositions when the growth rate was TO of the maximum rate at both the highest and lowest growth temperatures. However, the variation in Ent. aerogenes was much smaller than in the other species. There was no significant variation from the fatty acid composition observed at the maximum growth rate when the pseudomonads were grown at 20 of the maximum rate at their lowest growth temperature. This is in agreement with a previous report that in P. Jluorescens the fatty acid composition did not vary with growth rate down to 20 % of the maximum rate in the lower half of the growth temperature range (Gill, 1975) .
The other three species showed different patterns of variation with growth rate. The fatty acids of the psychrotrophic Enterobacter sp. did not vary significantly with growth rate at 30 "C, but there was a marked decrease in the proportion of unsaturated fatty acids with decreasing growth rate at 5 "C. Lactobacillus casei had an increased proportion of unsaturated acids at low growth rates though the degree of variation was small at 13 "C. 
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35 There was no significant variation in the proportion of unsaturated fatty acids of the psychrotrophic Lactobacillus sp. with growth rate at high or low temperatures.
D I S C U S S I O N
Because membrane fluidity will vary with the degree of saturation of the lipids, many workers have considered that the commonly observed increase in the proportion of unsaturated acyl groups in the membrane lipids of bacteria with decreasing growth temperatures is necessary to maintain membrane functions at low temperatures (SchmidtLorenz, 1972; Eletr & Keith, 1972; Fulco, 1974) . However, the data of Shaw & Ingraham (1965) indicated that in E. coli such changes were not necessary for growth to occur at low temperatures. This has been confirmed by recent work with fatty acid auxotrophs of E. coli which has shown that there are minimum requirements for both saturated and unsaturated fatty acids. The minimum requirement for unsaturated fatty acids is about 20 % at 37 "C and increases with decreasing temperature (Cronan & Gelmann, I 973). The minimum requirement for saturated fatty acids is about 13 % at 37 "C, but it is not clear whether this requirement decreases with decreasing temperature (Davis & Silbert, I 974). The fatty acid composition can therefore vary widely before membrane function is affected, so there is no obvious necessity for the fatty acid composition to alter with temperature (Cronan & Gelmann, 1975) .
All the species that we examined, except the psychrotrophic Lactobacillus sp., showed some significant variation in the proportion of unsaturated fatty acids with growth rate. The results for the pseudomonads show that there is a limiting growth rate above which the fatty acid composition of these species is stable at low temperatures. The sensitivity of the fatty acid composition to changes in temperature and growth rate are not necessarily related, as the fatty acid composition of the psychrotrophic Enterobacter sp. was not significantly altered by changes in temperature below I 5 "C, but showed greater variation with growth rate at 5 "C than at 30 "C.
The results from Ent. aerogenes, L. casei, P. jluorescens and the psychrotrophic Enterobacter sp. and Lactobacillus sp. give no indication of a mechanism for maintaining a constant membrane viscosity with varying growth temperature. Rather, they indicate a tendency to maintain an approximately constant fatty acid composition of membrane lipids. The mechanisms responsible for fatty acid alterations appear to operate at the levels of both phosphatidic acid synthesis and fatty acid synthesis, as both acyltransferase specificity and the proportion of unsaturated acids which accumulate when phospholipid synthesis is inhibited are sensitive to temperature changes (Sinensky, 1971 ; Cronan, 1975) . Presumably the activities of the regulating enzymes tend to vary in response to growth conditions so that an approximately constant fatty acid Composition is maintained. However, without feedback control, variations in fatty acid composition would be expected at extremes of growth conditions. It is likely, therefore, that the variation of fatty acid composition with temperature and growth rate observed in the above bacteria is largely fortuitous.
The significance usually attached to the variation with temperature of the proportion of unsaturated fatty acids in the lipids in those bacteria which show continuous variation with temperature (E. coli, P. aeruginusa) must therefore be in doubt, particularly as there is no physiological necessity for such changes to occur. The inability of these bacteria to maintain a constant fatty acid composition with changing growth temperature, even over a limited portion of their growth temperature range, may reflect their propensity for growth in the thermally protected environment of the mammalian body, rather than an adaptive mechanism for growth at extremes of temperature. Conversely, the temperature range over which the other species maintain a nearly constant fatty acid composition may reflect the temperature range to which they are usually exposed during growth in their natural habitats.
